The materials studied were (1) Schott glass absorptive filters, (2) General Electric's (GE) polycarbonate thermoplastic Lexan, (3) single and polycrystalline Ge, and (4) Eastman Kodak Irtran 1, sintered MgF2. The response to thermal radiation of the optical materials investigated ranged from no discernible damage for Irtran 1 to catastrophic breakage at fairly short irradiance times (tma! of 0.2 to 0.45 s) in the lower intensity (40-cal/cm s) focus for the Schott glass absorptive filters. The observed damage levels and their variation with sample size was satisfactorily explained by our thermal stress model. The lack of damage in Irtran 1 was also explained by the same model. It was probably differential thermal expansion between the anti-reflection layers and the polycrystalline Ge substrate that caused the plastic flow that occurred on this sample at irradiation time of tmax = 1.00 s in the 300-cal/cm2s focus. The optical transmission was not affected, but the surface polish was destroyed. An uncoated sample of single crystal germanium irradiated under similiar conditions showed evidence of surface melting, but no plastic flow. Lexan showed a continuum of damage beginning with the generation of small bubbles beneath the surface and ending with charring and complete destruction of the surface.
Introduction
Thermal radiation is intense, wideband optical radiation ranging in wavelength from 0.2 to 2 Wm. The spectral distribution and the blackbody temperature are roughly equivalent to those of the sun. Studies of the effects of thermal radiation on optical materials find use in areas as widely separated as solar energy applications on the one hand to combustion initiation effects in structural fire control studies on the other. Related to thermal effects studies are those concerned with laser damage since, quite often, similar failure mechanisms are operative.1'2 Also, the analytical techniques and the computer codes developed in laser damage studies may be applicable to the area of thermal effects.3 Our purposes in undertaking this work were (1) to experimentally determine the response of optical materials and components to thermal radiation and (2) to generate models, as quantitative as possible, of the thermal damage mechanisms.
Thermal Source
The thermal source used for the irradiations was an Arthur D. Little (ADL)/Strong blown arc imaging furnace at the Naval Surface Weapons Center (NSWC), White Oak, Maryland, which operates as follows:
A carbon arc is struck between two 10-mm diameter carbon rods. The imaging optics of the system ( fig.   1 ) consist of two identical ellipsoidal mirrors, whose second foci are superimposed to exploit the fact that all the rays emanating from one focus of an ellipse pass through its second focus. With the carb?n arc source at the first focus, peak irradiances (Q) of 40 cal/cm2s are obtained at the overlapping foci. At the third focus, a 1:1 image of the arc is formed having irradiance levels of 300 cal/cm2s. The radial variation of the beam flux was Gaussian; the Gaussian radius of the high intensity (flux) focus was 0.7 cm and that of the lower flux focus was 1.9 cm. The spectral distribution of this source versus wavelength is shown in fig. 2 .
A programmable shutter in the source chamber generates pulses of radiant thermal energy having the shape shown in fig. 3 Temperature Rise, AT of Sample Surface
The prime consequence of thermal irradiation is, quite obviously, a rise in the temperature of the sample surface. However, a quantitative look at the equations describing this temperature rise is helpful in discussing the consequences of thermal radiation on the materials of interest.
To calculate the temperature rise of the sample surface, we adapt an expression of Carslaw and Jaeger.4 Consider a semi-infinite solid bounded by an infinite plane and extending to infinity in the other dimensions. A circle of radius a is uniformly illuminated by the thermal beam. The material may be transparent to some wavelengths of the thermal energy, but the portion of the thermal beam absorbed by the sample is assumed _o be absorbed very close to the surface, that is y << x, where y is the material's absorption cofficient and x is the thermal diffusion length, fig. 3 , it can be shown5 that the sample's surface temperature continues to rise for a U.S. Government work not protected by U.S. copyright. time -0.3 t after the maximum Q occurs at tmax, given the semi-infinite sample conditions. Therefore, when calculating the temperature rise, AT, from equation (1) or (2) for a pulse of this shape, we use t = 1.3tmax.
Using a square block approximation of the first 1.3tmax of the pulse shown in fig, 3 gives an effective flux of 0.77Qmax. Thus for the Q in equations (1) and (2) we use 0*77Qmax when calculating temperature rises resulting from the shaped pulse (the pulse shown in fig. 3 ).
For the trapezoidal shaped pulse of duration tt, the effective heating time is (tt -3/2 x 0.08)s, assuming the trailing edge falls too rapidly to further contribute to the sample heatup.
The second term in the square brackets in eq. (1) gives the fractional reduction in temperature due to radial heat flow. It The material parameters of the optical materials studied are given in Table I . These quantities are needed in our calculations of the surface temperatures of the sample and in the application of the thermal stress analysis.
The samples were always observed during irradiation, though it was necessary to use highly absorbent glasses to do so. During irradiation and under these conditions of observation, various samples often appeared to flame up. Many materials--glasses, ceramics, and single crystals--absorb water to some extent, and it is possible that it is the violent vaporization of this absorbed water with associated droplet formation and entrainment (vapors in common parlance) that appears like smoke or flame, particularly when the whole scene is bathed in high intensity reflected and scattered light. These false flames or vapor plumes we call smoke for the want of a better term.
a. Schott Glass Absorptive Filters
The compositions of these glasses are tailored so that they show rapidly rising absorptions with decreasing wavelength in the near infrared (IR) and visible red regions of the spectrum. In this way, they function as fairly sharp cutoff filters. The optical transmissions of the three Schott filters are shown in fig. 4 . When these curves are overlaid onto the spectrum of the thermal source ( fig. 2 ), the fractional absorptions (A) of the Schott glass filters can be calculated. The reflection coefficient, R, can be calculated from the index of refraction, n, by using the expression R = (1 -n)2/(1 + n)2. Thus we obtain the quantity A received by the sample in cal/cm2 (this quantity is important in the case of samples that are thin compared with the thermal diffusion length and is given for completeness), and (5) the sample surface temperature calculated from equation (1), (2) or (3). In some of the tables, the thermal diffusion length is given; in others, the radial heat flow correction term is given.
Failure (breakage) of the Schott filters reported in table II was due to thermally generated stresses. Whenever a material is heated unevenly or uniformly heated but not allowed to freely expand, thermal stresses result. The thermal stresses are given approximately by aATEPNp, where a is the coefficient of expansion, E is Young's modulus, and tgp is a dimensionless parameter associated with the stress system operative in the sample ranging from 0.1 to 0.3 ( &p will be described later). when we make an analysis of the thermal stress, the variation of Np with sample size will become apparent.
As we compare similarly dimensioned samples (5 x 5 cm2) of the three different filters, the role of the material's absorption becomes apparent: the breakage levels as a function of irradiation time decrease with increasing absorptions.
The response of these Schott glass filters to trapezoidal pulses is given in the lower part of table II. We can compare the effects of the trapezoidal pulses with those of the shaped pulses on the basis of the sample surface temperatures as calculated from eq. (2). For the RG-665 filter glass samples 2.5 x 2.5 cm2, failure occurred between AT's of 430 and 4570C for the shaped pulses. For the trapezoidal pulses, failure was bracketed between 389 and 4400C, in good agreement with the shaped pulse data. The sample size effect prevents a similar comparison of the responses of the RG-850 glass to the two different types of thermal pulses. However, when we consider the thermally generated stresses, such a comparison is possible.
Laser damage studies of a number of types of Schott glasses including colored glasses have been performed by using 1 fig. 5 is folded into the spectral output of the arc image furnace ( fig. 2) focus and then only at tmax of 1.00 s; the total fluence delivered by the source was 630 cal/cm2 Damage was manifested by the appearance of slip bands generated by thermal stresses. The grain boundaries of this polycrystalline material become delineated by discontinuities in these slip bands. The appearance of slip bands indicated that plastic deformation of the surface had occurred.(10 2) The internal optical properties should not change as a result of this slip and plastic flow since the material is cubic and has only a single index of refraction. This was borne out by the fact that the optical transmission measured from 1 to 25 jn did not change after the slip bands appeared. However, deterioration of any surface polish will undoubtedly result.
A single crystal sample of Ge was also tested, and the results are included in table IV. Damage in the form of surface melting occurred at the same irradiation time and flux level at which plastic flow took place in the polycrystalline sample. The thermal diffusion length is given in table IV, and from the values shown we see that even for the shortest irradiation times this distance is comparable to the sample dimensions. This means that the semi-infinite sample assumption is not valid. Thus the sample surface temperatures calculated by eq. (1) constitute only a lower bound. The actual sample temperature is undoubtedly much higher. We can roughly estimate the sample temperature from straightforward calometric considerations,that is, AT = (1 -R)2.lQt area of beam/cp sample volume, where c ismtge specific heat and p is the density. The temperature rise given by this expression is low because no gradients are considered. Using a reflectivity of 0.36, the specific heat of Ge at 800 C of 0.0887, and an effective beam radius of 0.5 cm (rather than the Gaussian radius), we calculate AT = 10000C for the polycrystalline sample and 11700C for the single crystal, the difference being due to the different sample volumes.
The large thermal conductivity of Ge decreases the thermal gradients and, correspondingly, the thermal stresses. Thus the surface of the single crystal sample apparently reached the melting point without experiencing sufficient thermal stress to cause breakage or even plastic flow. fig. 7 . The quantity in the square brackets of eq. (6) and plotted in fig. 7 is the N mentioned when discussing laser damage in Ge.
In fig. 7 we can see that the hoop stresses are compressional (negative) near the center of the disk showing a compression maximum at the disk center and decreasing as the radial coordinate increases. The hoop stresses go through zero at some intermediate value of the radial coordinate, becoming tensional (positive) for larger values of the radial coordinate. For larger-radius disks, this tensional stress is seen to go through a maximum. Since materials are much weaker under tension than under to compression, we are concerned with the outer regions of the sample disk. The curves representing the hoop stresses developed in disks of varying radii are continued out only to the radial coordinate equal to the normalized disk radius. From fig. 7 we see that the maximum in the normalized hoop stress occurs at 1.79 for the normalized radial coordinate, r/$. For samples of radii less than 1.79$, the maximum hoop stress occurs at the periphery. Of the samples used in our experiments, all had radii less than 1.790. Therefore, we substitute the disk radius, b, for r in eq. (6), obtaining the hoop stress at the disk periphery:
The radial variation of the source beam intensity is Gaussian. 21 We therefore assume that the sample's (4) Using the same normalizing factors as before, we plot the normalized peripheral hoop stress versus the normalized disk radius in fig. 8 . The normalized peripheral hoop stress, the quantity in the square brackets in eq. (7), is the factor NP' previously mentioned,
For any given value of b/, Np can be read from fig.   8 or calculated from eq. (8).
The thermal hoop stresses developed at the disk edge are thus given by a00 = aATEONP (9) We set these stresses equal to the breaking stress (tensile strength) GB and solve for the temperature rise, giving us the AT at which we anticipate breakage, ATB =B/aEONP (10) The results of our thermal stress analysis could be compared with the experimental data by substituting the AT from eq. (2) into eq. (10) and solving for the irradiation time for which we anticipate breakage. However, in the case of materials to which eq. (1) or (3) applies such a calculation of the irradiation time to failure is not possible. A more general approach would be to compare temperatures calculated by equation (1), (2) , or (3) using the irradiation times that caused or bracketed breakage (failure) with the failure temperatures as predicted by the thermal stress analysis, eq. (10). This we do in table VI. For the Schott filters, eq. (2) was used and for Irtran 1, eq.
(3). We believe that, for the Schott glass filters, the temperature calculation is reasonably correct since the two assumptions implicit in eq. (2) are quite well fulfilled: (1) the energy is deposited within a thickness c?75iderably less than diffusion length, y < 2(kt)
, and (2) the sample can be considered semi-infinite, 2(kt)1/2 << sample dimensions.
The discrepencies in the Schott filter data in table VI we attribute to variations in the breaking strength of the individual samples. For the breaking strength, we chose that for sandblasted glass24 (ex- trapolated to stressing times -1/2 s) since the sandblasted condition most closely approximates the cut or ground edges of the Schott filter plates. The plates as received were 5 x 5 cm2 with the edges ground and chamfered. The smaller 2.5 x 2.5 cm2 plates were cut from the larger ones using a Carborundum glass saw. The two sets of temperature given in 
